Summary. Cyclin D1 is a proto-oncogene whose amplification and overexpression are frequently associated with human cancers (Diehl, 2002). Because its subcellular localization is of critical importance for its oncogenicity, the regulatory mechanisms have been under intense investigation. Here we discovered that the nuclear localization of cyclin D 1 was anchorage-dependent, and its disruption caused anchorage-independent growth and survival of cells, a hallmark of cellular transformation. In adherent cells, cyclin D1 was localized in the nucleus by a focal adhesion protein, Hic-5, shuttling in and out of the nucleus through the CRM1 export system (Shibanuma et al. 2003) and thereby counteracting the nuclear export of cyclin D 1. In non-adherent cells, cyclin D1 was actively exported from the nucleus because the shuttling of Hic-5, which is redox-sensitive (Shibanuma et al. 2003), was interrupted by an elevated level of reactive oxygen species (ROS). However, when a mutant with the shuttling ability resistant to ROS was introduced into cells, cyclin D1 was detained in the nucleus, and importantly, a significant population of cells survived under non-adherent conditions. Of interest, the discovered phenomenon interconnected the oncogenic potential of two oncogenes, as activated ras circumvented the above regulation and achieved the predominant nuclear localization of cyclin D1 and thus, growth in non-adherent cells.
Introduction
The long-standing interpretation of the oncogenecity of cyclin D1 has recently been challenged. Researchers have encountered several cases suggesting that the oncogenic function of cyclin D1 is not simply to promote cell-cycle progression in a cdk-dependent manner (Ewen and Lamb, 2004; Sherr and Roberts, 2004) , and intensive study of the cycin D-null mouse failed to support the essential role of cyclin D 1 in cell-cycle progression (Kozar et al., 2004) . It has been also pointed out that it is the nuclear localization, not mere overexpression, that contributes to tumorigenesis (Gladden and Diehl, 2005) .
Results
This study started with the initial observation that cyclin D1 displayed clear nuclear localization only in fully adherent cells among a mixed population of cells with different adhesive states as shown in Figure 1 a. In this experiment, the cells were detached and replated one population after another on a coverslip, and after a given period, distinguished according to the criteria based on the formation of focal adhesions, which was monitored according to the incorporation of a focal adhesion protein, Hic-5 (Matsuya et al., 1998) , into the structures. In fully adhesive cells (FA+; arrow), immunostaining with an antibody to cyclin D1 observed by confocal fluorescence microscopy revealed a distinct nuclear signal, but in sharp contrast to this, only a vague signal was detected in the nucleus of incompletely adhesive cells (FA-; arrowheads) . At 120 rain after replating, the clear nuclear signal was restored (data not shown). Of note, when cells were pretreated with an inhibitor of CRMl-dependent nuclear export, leptomycin B (LMB), cyclin D 1 stayed in the nucleus even in the FA-cells (data not shown). These optical observations were quantified in Figure l b and c with two parameters, frequency of the nuclear localization and a ratio of the fluorescence intensity of the nuclear signal to that of the entire cell. The nuclear localization of a transcription factor, Spl, was evaluated in parallel to validate the whole process. Essentially the same results were obtained with other immortalized and primary cells including human normal diploid fibroblasts (data not shown), and also with tagged cyclin D1 exogenously expressed in cells (Fig. l d; WT) . Another G1 cyclin, cyclin E, showed only marginal anchorage-dependency of its nuclear localization (Fig. l d) . Treatment with cytochalasin D interfering with the
